The paper deals with the evaluation of mountain meadow vegetation condition using in-situ measurements of the fraction of Accumulated Photosynthetically Active Radiation (fAPAR) and Leaf Area Index (LAI). The study analyses the relationship between these parameters and spectral properties of meadow vegetation and selected invasive species with the goal of finding out vegetation indices for the detection of fAPAR and LAI. The developed vegetation indices were applied on hyperspectral data from an APEX (Airborne Prism Experiment) sensor in the area of interest in the Krkonoše National Park. The results of index development on the level of the field data were quite good. The maximal sensitivity expressed by the coefficient of determination for LAI was R 2 = 0.56 and R 2 = 0.79 for fAPAR. However, the sensitivity of all the indices developed at the image level was quite low. The output values of in-situ measurements confirmed the condition of invasive species as better than that of the valuable original meadow vegetation, which is a serious problem for national park management.
MISCELLANEA GEOGRAPHICA -REGIONAL STUDIES ON DEVELOPMENT This paper deals with possibilities for the evaluation of health/condition of meadow vegetation and selected invasive species using the in-situ measurements of fAPAR and LAI parameters. The study analyses the relationship between these parameters and spectral properties of meadow vegetation with the goal of finding out the vegetation index for the detection of fAPAR and LAI. The developed vegetation indices were applied on hyperspectral data from an APEX (Airborne Prism Experiment) sensor in the area of interest in the Krkonoše National Park.
Many studies dealing with meadow analysis aim to determine the biochemical/ biophysical parameters that could be used as a spectral indicator of meadow health. They are often focused on nitrogen. Increased nitrogen content in leaves leads to significant changes in plant spectral properties (Ramoelo et al. 2011) . A higher nitrogen content causes a shift of the red edge inflex point to longer wavelengths, a significant feature that can be used for remote sensing spectral mapping (Mutanga & Skidmore 2007; Skidmore et al. 2010) . Besides nitrogen, phosphorus, magnesium, polyphenolics and some other substances can also be used (Mutanga et al. 2004) . It has also been proved that a higher content of these substances is correlated with a decrease in meadow biodiversity (Klimek et al. 2007) .
Traditionally managed meadows are one of the most valuable ecosystems in the Krkonoše Mountains National Park (Czech Republic). Their natural composition, diversity and value are endangered due to the introduction of invasive species over recent decades. Growths of Lupinus polyhpyllus and Rumex alpinus (which is invading the meadow zone due to long term fertilization with nitrogene compounds) are expanding in the Krkonoše Mountains and need to be monitored.
Traditional field meadow monitoring is very time consuming. Remote sensing methods and image data can be very strong tools for the improvement of vegetation monitoring. Apart from the spatial expansion of invasive plants, monitoring remote sensing analyses can help to evaluate current meadow state and can provide a complex automatic algorithm for mountain meadow health/ condition analysis.
Introduction
Vegetation health can be evaluated based on biochemical or biophysical indicators. Leaf pigments like chlorophyll or carotenoids are important biochemical indicators. Chlorophyll content indicates vegetation health and it also has very characteristic spectral properties (Si et al. 2012; Sampson et al. 2003; Malenovský et al. 2013) .
One of the biophysical indicators used in this study is fAPAR (fraction of Absorbed Photosynthetically Active Radiation). fAPAR is defined as the share of incoming sun radiation which is absorbed by leaves in the spectral range 400 -700 nm (Fensholt et al. 2004): where PAR 0 is total incoming solar radiation, PAR s is total radiation reflected from the soil (ground), PAR c is total radiation reflected from the canopy level and PAR t is total radiation transmitted through the vegetation on the ground. This parameter is related to primary vegetation production (photosynthesis). It is possible to relate fAPAR directly to CO 2 binding in leaves and current vegetative stage of the plant can also be determined using fAPAR.
The relationship between vegetation indices and fAPAR was studied, for example, in Fensholt et al. (2004) . The most widely used index for fAPAR prediction is NDVI (Normalized Difference Vegetation Index); the relation found between fAPAR and NDVI is usually linear (Fensholt et al. 2004; Myneni & Williams, 1994) .
The next most commonly used biophysical indicator is LAI (Leaf Area Index). This index gives information about soil cover by examining the vegetation density, and can express the strength and vitality of the vegetation. It is again possible to find a relationship between LAI and vegetation spectral properties, and LAI can be used as a biophysical parameter and characteristic feature for particular vegetation species . LAI is calculated as share of leaf area and soil area. The formula has developed over time in order to take into consideration further leaf features -for example, the slope of the leaf towards the surface, leaf type or shape of needles. LAI is an important measure that can be used for vegetation stress and health/ condition evaluation. It is possible to use LAI for the evaluation of evapotranspiration, analysis of carbon flow or photosynthesis (Zheng & Moskal 2009) .
The goals of this study were: 
Subject of study
The APEX data were acquired for the whole area of the Krkonoše National Park (both the Czech and Polish sides). The study area (see Fig. 1 ) covers the whole Czech part of the national park (the western border is near to Kořenov and Rejdice and the eastern border is near to Pomezní boudy, Horní Albeřice and Svoboda nad Úpou). Sites of selected meadow vegetation and invasive species for biophysical and spectral measurements were selected at different altitudes over the whole study area (Fig. 1) .
Figure 1. Study area with polygons selected for biophysical and spectral measurements
Several categories of the meadow vegetation legend proposed by a botanist from the national park were selected for measurement of spectral properties and biophysical parameters: In addition to meadow vegetation, two invasive species were evaluated:
5. Rumex alpinus 6. Lupinus polyphyllus.
Data
In-situ field data of fAPAR and LAI, field spectral measurements and hyperspectral APEX sensor data were used in the study.
Measurements of fAPAR were conducted using AccuPAR Ceptometer model 80 (Decagon Devices Inc.). Ten measurements were taken in each polygon and their average was calculated and used for analysis. The instrument LAI 2000 Plant Canopy Analyzer (Li-Cor Biosciences) was used to collect LAI data. The principle is based on repeated measurements of the amount of incoming radiation to the lens over the leaf's surface and under the leaf's surface (on the ground). Field spectral measurements were conducted using ASD FieldSpec 4 spectroradiometer (ASD Inc.). Spectra for atmospheric calibration were measured for both bright and dark targets -water areas, asphalt, big metal roofs etc. Spectra for all legend categories were also measured, for 111 polygons altogether. A minimum of 12 spectra were taken for each measured polygon and the spectra were averaged.
As for image APEX data, 15 flight lines were acquired that cover the whole area of the national park on both the Polish and Czech sides and additionally 4 short lines were acquired with the centre situated on the top of Sněžka Mountain for BRDF (Bidirectional Reflectance Distribution Function) effect correction. The average flight altitude was 5800 m above the surface. The spatial resolution varied from 3.3 m to 2.4 m. Spectral image resolution was 4 nm in NIR and 9 nm in the SWIR region.
Methods
Sensitivity analysis was performed as a very important part of the development of new vegetation indices. Sensitivity analysis has been used as a tool for vegetation index behaviour analysis and validation in several studies (Zarco-Tejada et al. 2001; Gong et al. 2003; Thenkabail et al. 2000; Tian et al. 2011 ). In our case the method was used in a similar way to the study by Roberts et al. (2012) for retrieval of the most sensitive wavelengths for the measured parameters (LAI, fAPAR). This analysis is based on Pearson's correlation coefficient. The relation between radiation values and values of vegetation parameters (LAI, fAPAR) was evaluated. The most sensitive wavelengths, which exceeded the critical value of the T-test for validity of relevant measurements (Zvára, 2003; Zagajewski & Jarocinska 2009) , were used as spectral features. Finally, the values were used as a coefficient of determination. The output of this analysis was a dataset of significant spectral features, which were used for the construction of vegetation indices. The final indices were used to produce maps of LAI and fAPAR parameters for the study area. During the process of index construction, relevant problems mentioned in the literature, such as LAI saturation (Wang 2007 ) and dependence of LAI and chlorophyll content (Haboudane et al. 2004) , were taken into account. This construction is based on the RISR index (Gonsamo & Pellikka 2012) where the authors, following the example of the RSR index (Brown et al. 2000) , normalized values in the red spectral range for a given pixel using the overall range of reflectance values for this spectral range from the entire image. The output was used for ISR index correction (Fernandes et al. 2003) . This enables the reduction in the influence of soil on vegetation reflectance. An assumption of our study was that this principle is also applicable to the reduction of chlorophyll influence on LAI.
Vegetation indices were constructed for airborne image data because it was not possible to use those indices developed based on field spectral data as image data. Map outputs of LAI and fAPAR parameters for the whole study area were prepared in SW ENVI. Each pixel of the final raster has a value calculated based on the applied vegetation index.
Results

Results of field data analysis
Based on the outputs of the LAI field measurement analysis we can conclude that the analysed invasive species have higher average LAI values than meadows and coniferous trees (Fig. 2) . Lawns, on the contrary, have a very low average LAI. The optimal range of the LAI index oscillates between 3 and 5. The average LAI value for invasive species is 5.3, for all meadows 2.9, for lawns 0.8, and for Vaccinium myrtillus associations almost 4. Invasive and expansive plants like Rumex alpinus, Lupinus Polyphyllus or Urtica dioica (LAI = 6.2), but also Vaccinium myrtiillus or meadows rich in Trifolium sp. (LAI = 5.3), form very dense cover impenetrable to solar radiation used for the growth of other species. Meadows with Nardus stricta (where Nardus stricta is the dominant species) form lower growths with less dense cover and lower species diversity. LAI values are therefore lower and less variable (standard deviation 0.4; standard deviation of other categories is higher than 1). Meadows with Trisetum flavescens have higher species diversity and this is also reflected in a higher variance around the mean value (= 1.5).
Values of fAPAR indicate vegetation health. The fAPAR value of a plant in good condition is above 0.8 (80% of incoming PAR), very often close to a value of 1. There exists a significant difference in fAPAR between invasive species, meadows and lawns (Fig. 3) . The results of the measurement showed very good condition of all invasive and expansive growths. All values measured for invasive species were higher than 0.91 and were evaluated as significantly above average. The standard deviation in this case has a value of only 0.015; this indicates very small differences and, based on these results, we can assume that invasive species will prosper very well in the whole area of the Krkonoše Mountains. High values were also reached for coniferous forests. Growths of Vaccinium myrtillus also had quite high values of fAPAR but this result may be influenced by the relatively low number of measurements. Lawn, as an artificial meadow vegetation under high stress due to frequent cutting, yielded very low values of fAPAR. The measurements proved a general pattern of higher vitality for meadows with Trisetum flavescens and lower vitality for meadows with Nardus stricta.
The results of index development on the level of the field data were quite good. The maximal sensitivity expressed by the coefficient of determination for LAI was R 2 = 0.56 and R 2 =0.79 for fAPAR. However, these indices could not be used for airborne image data because the values of sensitivity were very low. They were not used for map preparation.
Results at the level of image data The two indices that were the most sensitive towards fAPAR and LAI on the level of image data were used for map production:
The dependence of LAI and fAPAR was recorded for the LAI index (Fig. 4) . This dependence is not further resolved in this study and is a subject for further work. The fAPAR index is sensitive only towards fAPAR (Fig. 5) ; nevertheless, the value was only 0.11. A better value was reached for the LAI index (R 2 = 0.13) and the point distribution is also better (compare Fig. 4 and 5 ), but it is not possible to find any clearly defined trend. The LAI and (Fig. 6) , but the SWIR2 region showed significant noise in the image data. The correlation may therefore be false. The fAPAR index uses 709 nm as a sensitive wavelength in the region of the red edge inflection point (REIP) position (Fig. 6) . In the case of the LAI index the sensitive wavelength is 699 nm. This wavelength is also in the characteristic region of a rapid increase in vegetation reflectance (red edge range). Moreover, the LAI index corrects the share of the aforementioned wavelength from the chlorophyll influence. Chlorophyll is represented by wavelengths of 586 nm (the maximal absorption of chlorophyll in the green portion of the spectrum) and 490 nm (the region of main absorption of chlorophyll b on the border with chlorophyll absorption in the green spectral range). Wavelengths of 749 nm are also included in the index which is at the top of the red edge area, i.e. in the position of maximal vegetation reflectance in the NIR region.
The vegetation indices were applied on the image data and final raster layers with calculated index values overlaid on the study area orthophoto (ČÚZK 2013) . Because the study area is very extensive, only selected parts are presented in the maps of LAI and fAPAR parameters -the area of Rokytnice nad Jizerou for the LAI index (Fig. 7) and the area of Pec pod Sněžkou and Velká Úpa for the fAPAR index (Fig. 8) .
Discussion and conclusions
The goal of the study was to propose and apply a method that relates the biophysical parameters of LAI and fAPAR to significant spectral features of meadow vegetation and invasive species.
Airborne hyperspectral image data from an APEX sensor, field spectral data and instrumental measurements of LAI and fAPAR parameters were used in this study. Though the instruments for LAI and fAPAR measurements are based on the best technologies, the output values may still contain some level of error, which may also be attributable to the changeable field conditions (current meadow management etc.).
As for data processing on a general level, one of the most important problems mentioned, for example in Haboudane et al. (2004) , is the dependence of LAI on chlorophyll content which influences the validity of LAI prediction based on vegetation indices. This problem was resolved in this study by the special A further problem of the LAI prediction indices was the saturation of index values at particular LAI values. This is generally observed for higher LAI values, while for instance in the case of the NDVI index, the LAI value is around 2 or 3 (Wang 2007) . This problem was partly eliminated by the developed method but a fully linear relation of index values and LAI was not reached. This problem was found to be complex as the saturation of fAPAR at the developed index values was also discovered. This saturation was not mentioned in the literature but we can assume that other authors also had to face this problem.
Sensitive and insensitive wavelengths for each classification class were found using a sensitivity analysis (Roberts et al. 2012 ). This method proved highly effective.
The most problematic step of the approach was the transfer from laboratory level to image data level. Very good results were achieved at the laboratory spectra level but it was not possible to confirm these results at the image data level. The differences between laboratory/ field spectra and image spectra lead to the development of new indices based on the aerial image data. The sensitivity of all indices developed on the image level was quite low and the values were not significant.
The final maps prove the potential of this method and have only an illustrative value. Besides the different natures of laboratory and image data, a very significant reason for this result could be the low number of field measurements. Therefore we can recommend collecting a significantly large dataset of in-situ data that will cover the variability of meadow vegetation. In spite of the less-than-desirable results at the image data level, there is great potential in the combination of biophysical parameter measurements and image spectral data analysis for the future.
The evaluation of vegetation health/ condition using insitu data was successful. The instruments used proved to be very powerful tools and the approach is very promising when used in the practice of national park management. The output values confirmed the condition of invasive and non-original anthropogenic associations of no ecological value as better than that of the valuable original meadow vegetation, which is a serious problem for national park management. Measurement insitu indicated that in some cases the original meadow vegetation surrounding growths of invasive species can be in a worse condition than the same type of original vegetation in localities without invasive species.
